Myocardial infarction after coronary artery bypass graft (CABG) surgery has been described clinically in up to 30% of patients but there is little morphologic information about the character and pathogenesis of this myocardial injury. We studied myocardium in the distribution of bypassed and nonbypassed coronary arteries for the presence of contraction band necrosis as compared to coagulation necrosis, in 58 autopsied patients who died less than 1 month after surgery. Operation related necrosis consisting of focal subendocardial contraction band necrosis was present to some degree in 48 (83%) patients. Regional transmural necrosis was present in 22 (38%) patients and was of two types. Contraction band THE STATUS OF THE MYOCARDIUM AFTER AORTOCORONARY BYPASS SURGERY remains an issue of uncertainty and controversy. Although this procedure has proved of value in the symptomatic treatment of angina pectoris, the mechanism of improvement remains unclear.' Symptomatic improvement occurs in over 80% of patients, but for the majority of patients little evidence exists that this operation improves ventricular function or prolongs life.' 2 The incidence of operation related myocardial infarction is approximately 10%, with a range between 2 and 30%, depending upon the method of detection, i.e., new Q-waves, contrast ventriculography, or radionuclide im-From the Cardiovascular
aging.3'-" Despite these observations there is little if any morphologic information about the character and the pathogenesis of the early myocardial lesions after aortocoronary artery bypass surgery. In this study we evaluated the myocardium in the distribution of both the bypassed and nonbypassed coronary arteries in 58 autopsied patients who died early (< 30 days) after operation to determine the nature of the myocardial injury associated with this procedure and its relationship to the local vasculature. Particular attention was paid to whether myocardial lesions were coagulation necrosis or contraction band necrosis'1 13 since the mode of development as well as the pathological appearance of the two lesions are distinctive.
Materials and Methods
All patients at The Johns Hopkins Hospital who died within one month of an aortocoronary artery bypass graft operation, and on whom autopsy examinations were performed, were included in this study. Postmortem coronary necrosis occurred in 18 patients and was in the distribution of a patent bypassed coronary artery in 15 of them. Coagulation necrosis was found in four patients, and in each was in the distribution of a new graft-related coronary artery occlusion.
The results suggest that coronary artery reflow through widely patent grafts following the period of operative nonperfusion, rather than graft or intrinsic coronary artery occlusion, accounts for the majority of operation-related myocardial "infarcts" associated with CABG surgery. Thus, prevention of intraoperative myocardial injury must also focus on characteristics of the phase of myocardial reperfusion. arteriography using a barium-gelatin-pigment injection mass was performed on all hearts. Hearts were then fixed with formalin in a distended state. Stereoscopic radiographs were prepared of the intact heart and its transverse sections14 and samples of myocardium for histologic examination were taken in the distribution of each of the major coronary arteries and each coronary artery bypass graft. Additional sections were taken from septum, and anterior, posterior, and lateral left ventricle and margin of the right ventricle at mid ventricle level to determine overall myocardial injury. A minimum of ten sections per heart were examined. Histologic sections were reviewed for extent, type and age of myocardial injury. Necrosis was graded on a scale of 0-4 +, with 4 + corresponding to greater than 30% of the area of a transverse slice of left ventricular (LV) myocardium; 3 +, 20-30%; 2 +, 10-20%; and I +, less than 10%, as determined from analysis of cross-sections through the left ventricle, one toward the base, one at mid LV and one halfway between mid LV and apex. In addition, the anastomosis site with part of the proximal and distal intrinsic coronary artery was removed "en bloc," and for each, stereoscopic radiographs in two planes prepared.'5 After light decalcification, the tissue was routinely processed, embedded with paraffin and serially sectioned transversely at 8w. Every fifteenth section was retained and stained with hematoxylin and eosin, elastic-van Gieson or phosphotungstic acid-hematoxylin.
For each patient the clinical record including operative and anesthesia reports were reviewed, as were the gross heart specimen, stereoscopic radiographs, gross photographs, and the histologic sections of myocardium, coronary arteries, and bypass grafts. Patency of graft and intrinsic coronary artery at the graft-artery anastomosis was determined from the radiographs, gross examination, and review of serial histologic sections. The point of maximum narrowing of the coronary artery lumen at the proximal end of the arteriotomy was determined from sections of the proximal pre-arteriotomy graft and coronary artery. A similar point of maximum lumen narrowing at the distal end of the arteriotomy and a representative section of coronary artery 906 distal to the anastomotic site were selected. The outlines of the lumen, internal elastic lamina, and external elastic lamina of the coronary artery at each level were projected, drawn on tracing paper, and the area of the lumen of coronary artery wall determined using a planimeter. The percent occlusion of the coronary artery lumen at the proximal and distal ends of each anastomosis compared to the adjacent lumen was calculated. Narrowings of the luminal area of greater than 75% were considered to be significant.
Results

Clinical Findings
Of the 67 autopsies at The Johns Hopkins Hospital after coronary artery bypass surgery, 58 of the patients had died within one month of operation (table 1) . These patients ranged in age from 37 to 75 years (average 56 ± 4) and 15 (26%) were women; 54 (93%) were class III-IV (New York Heart Association) with regard to angina pectoris and four patients without severe angina had grafts placed into critically narrowed vessels at the time of valve replacement. Of these 58 patients, 23 died in the operating room, 13 died within 24 hours of operation, and 22 died between 1 and 30 days of operation. The 58 patients had 114 coronary artery bypass graft anastomoses: 109 utilized saphenous veins; 5, internal mammary arteries. End-to-side anastomoses were made at 106 sites and jump grafts at eight."e Single grafts were placed in 18 patients; two grafts in 26; three in 12; and four, in two patients. The average number of grafts per patient was 2.0. Additional operative procedures included aneurysmectomy or infarct-plication in nine patients and aortic or mitral valve replacements in nine. Of the 35 patients that died after leaving the operating room, a new myocardial infarct was detected by electrocardiogram (new Q-waves) in three (9%).
Morphologic Findings Coronary Vasculature
Morphologic findings in the intrinsic coronary arteries, and in the vascular grafts are summarized in tables 1 and 2. Of the 114 grafts, 93 (82%) were patent and 21 (19%) were totally occluded at the distal portion of the coronary artery to graft anastomosis. All total graft occlusions included the anastomosis site. Lesser degrees of narrowing, between 75 and 99%, of the intrinsic coronary artery at the distal anastomosis site were present in 14 (12%) of the 114 grafts.
Mechanisms of narrowings and occlusions of these vessels 
General
In 36 (62%) patients preoperative myocardial injury included focal fibrosis in the subendocardium and the tips of papillary muscles in ten, and healed transmural myocardial infarcts in 26 (table 1). In 48 (83%) patients there was operative myocardial injury of some degree, but in 22 (38%) patients there were areas of regional necrosis of 3-4+ severity equivalent to so-called transmural injury, in that necrosis involved greater than 2/3 of the thickness of left ventricular wall. The "transmural" injury in this group of 22 patients is the major focus of this study. Small foci of myocardial necrosis, present mostly in the subendocardium, were also found in 26 patients without regional transmural necrosis, and in the remaining myocardium in many cases where severe regional injury was present. There were ten (17%) patients with no identifiable operative myocardial necrosis, other than that related to left ventricular vents or suture placement. In three patients postoperative myocardial infarcts were found secondary to occlusion of coronary arteries by thrombus overlying ulcerated atherosclerotic lesions. Neither these three infarcts nor the 26 preoperative myocardial infarcts is included in this analysis of operative myocardial necrosis.
Regional Transmural Myocardial Necrosis
The morphologic findings in the 22 (38%) patients with regional transmural necrosis are summarized in tables 2 and 3. The myocardial injury was of two types: coagulation necrosis and contraction band necrosis."-"' The more commonly recognized form of necrosis, coagulation necrosis, usually develops in the setting of permanent vessel occlusion. In its earliest stage (as early as 1-2 hours), coagulation necrosis may be recognized by thin wavy fiber formation;18 by 6 to 12 hours cytologic changes of necrosis of myocardial fibers and an inflammatory response become evident ( fig. 1 ). Regional transmural coagulation necrosis was pres-ent in four (11%) of the 35 patients who survived operation and in each instance it was in the distribution of a newly occluded bypassed vessel. In each of the four patients, the histological age of the infarct was compatible with having developed at the time of operation. Although thin wavy fiber change was not observed in the 23 patients who died at operation, it is possible that the time lapse in this group may not have been sufficient to allow this myocardial lesion to develop.
Contraction band necrosis, a distinctive type of myocardial injury,1'-'3 develops in myocardium that has been reperfused after a period of transient nonperfusion, but also may be induced by certain nonischemic insults such as catecholamine exposure. The histological changes of contraction band necrosis include the appearance of transverse eosinophilic sarcoplasmic condensations of contractile elements, and interstitial and cellular swelling ( fig. 1 ). (All hematoxylin and eosin, X 220.)
Subsequently, myocardial cell nuclei disappear, an inflammatory process develops and necrotic myocardium is gradually removed by macrophagic activity to be replaced by fibrous tissue. The vasculature undergoes a simultaneous series of alterations giving the myocardium a grossly hemorrhagic appearance. Initially there is a congestion and hyperemia which is followed by extravasation of blood into the interstitium and by about 24 hours intimal fibrin deposits can be found in small vessels in the areas of necrosis. A fibrous scar forms the end point of both coagulation and contraction band necrosis. Regional transmural necrosis was of the contraction band type in 18 patients, or in 82% of the patients with transmural necrosis; in 15 of these necrosis occurred in the distribution of a bypassed coronary artery. All but one of the latter patients died within 48 hours of operation suggesting the necrosis developed intraoperatively or in the immediate postoperative period. Relationship of Regional Transmural Necrosis to Vascular Patency Although 21 grafted arteries had new distal occlusions myocardial infarcts occurred in the distribution of the new occlusions in only 4 (19%) patients, or in 27% of patients who survived operation. In each case the injury was coagulation necrosis. In the patients with coagulation necrosis (fig.  2 ) there was no injury in the distribution of the one bypass graft that was widely patent nor were there necroses in the distribution of the nonbypassed vessel regardless of the degrees of narrowing (table 3) .
In contrast to the transmural coagulation necrosis in the distribution of newly occluded vessels, regional transmural necrosis developed in the distribution of 30 (32%) of the 93 patent grafts, and in each instance it was of the contraction band type. This injury occurred in 15 patients in whom 35 bypass grafts had been placed (table 3). As three of these bypasses were placed at a branchpoint, a total of 38 vessels were bypassed by these grafts (fig. 3 ). Thus, necrosis developed in the myocardium in the distribution of 30 of the 38 vessels, and on the average each patient showed two separate areas of regional myocardial necrosis. Of the 38 vessels bypassed, 29 were widely patent, and necrosis developed in the distribution from 28 (97%) of them. Of the remaining nine grafted vessels, six had 75-99% narrowing distally and myocardial necrosis developed in their myocar-909 VOL 56, No 6, DECEMBER 1977 dium of distribution in two (33%); three had new total occlusions, and their myocardium of distribution showed no coagulation or contraction band necrosis. In the three branching vessels, one branch was occluded by the new anastomosis and one widely patent, and in each instance necrosis was present only in the distribution of the patent branch. One of the patients survived 48 hours and no coagulation necrosis was evident in the myocardium in the IMA A;|l -0g0 distribution of the obstructed branch vessel. In these same 15 patients, ten major coronary arteries were not bypassed, and there was no transmural myocardial injury in the distribution of any of these ten vessels, despite their degree of narrowing by old atherosclerotic plaque: one was widely patent, seven were 75-99% narrowed, one was 100% occluded. Thus, 30 natural or bypassed vessels were widely patent at autopsy, and regional transmural necrosis was present in the myocardium of their distribution in 28 (93%). Eighteen arteries, grafted or ungrafted, were narrowed by greater than 75% or occluded, and 3-4+ myocardial necrosis developed in the distribution of only two (II%) of them.
Three other patients had 3-4+ myocardial necrosis of the contraction band type, in the distribution of nongrafted vessels. In two of them, operated upon in the first year of bypass operations at this institution, regional injury occurred in the distribution of patent nongrafted vessel due to a coronary perfusion cannula which inadvertently transiently obstructed flow during operation. 19 In these 2 patients there was no injury in the distribution of their other vessels grafted or ungrafted regardless of patency. The one other patient with an occluded graft to the left anterior descending coronary artery who died 4 days after operation had regional transmural contraction band necrosis in the distribution of the widely patent, dominant right coronary artery, and no injury in the distribution of the newly occluded grafted artery. After 4 days it is less easy to be confident that myocardial injury was intraoperative.
Comparison of Patients with and without 3-4+ Regional Transmural Necrosis
As can be seen in table 4 there were no significant differences between the 22 patients who developed transmural myocardial necrosis and the 36 who did not, with regard to age, sex, history of preoperative myocardial infarction or congestive heart failure. There was a somewhat greater incidence of three vessel and left main coronary artery disease20 in the patients with severe injury as opposed to those patients without severe regional transmural necrosis, but the differences were not statistically significant. Coagulation necrosis developed in four patients who had less severe coronary disease than the overall group studied; they had an average of 1.5 coronary arteries narrowed compared to 2.6 for the group as a whole. No significant differences could be determined between the two groups with regard to operative procedure, duration of cardiopulmonary bypass, cumulative anoxic arrest time, or the patients with and without necrosis also showed no differences. All 35 patients who died at operation or within 24 hours of operation were exposed to continuous intravenous pressor therapy but there were no differences between the 13 with necrosis and the 22 without with regard to dosages or type of pressor agent used insofar as could be determined from the operative and postoperative records.
Discussion
Coronary artery bypass surgery is unequivocally successful in the symptomatic relief of angina pectoris, a success which usually occurs without improving, and frequently impairing, ventricular function despite patency of the majority of bypass grafts.1' 2, 17, 21 24 To determine the character and possible pathophysiology of the myocardial injury related to coronary artery bypass surgery, we examined the 58 patients who came to autopsy within 30 days of this operation. In the majority (62%) of the patients studied there was no significant operative injury; in 22 patients (38%) there was regional transmural necrosis. In only 14% of the patients with transmural necrosis (and 9% of those with necrosis dying after operation) was the injury apparent clinically by electrocardiogram. Although our patient population is biased to the nonsurvivor, the low incidence of clinical detection in our patients suggests that ECG far underestimates the true incidence of new operative related myocardial necrosis, an underestimation which may well stem from the problem of the postoperative period including pericarditis.
Although an autopsy study cannot provide precise incidence information, it does provide pathophysiologic data regarding the type and possible mechanisms of the injury associated with aortocoronary bypass procedures. From this study it appears that most operative related infarctions are in the distribution of bypassed arteries, but are not true "infarctions" in that most are associated with patent and not occluded vessels. In the 22 patients with transmural regional myocardial necrosis, there were 34 regional areas of injury in the distribution of grafts and 30 (88%) of them were in the distribution of patent grafts and distal coronary arteries. Thus, myocardial infarction after operation does not necessarily mean that the new graft is occluded and that reoperation should be performed, for the new "infarct" is more apt to have developed in the region of myocardium supplied by a well constructed, widely patent bypass graft. Almost paradoxically the myocardial injury is occurring in regions of myocardium newly exposed to unobstructed blood flow. Furthermore, in comparing the groups of patients with and without severe operative necrosis, there were no significant differences between the two groups with regard to age, sex, incidence of congestive heart failure, tIncludes time period for valve replacements and for intraoperative resuscitation when patients could not be separated from bypass.
-911 "-0 severity of coronary artery disease, nor were there differences between the number of grafts placed, the total cardiopulmonary bypass pump time, periods of anoxic arrest or hypothermic ventricular fibrillation or exposure to pressor therapy. Again, the techniques of operation could not explain the differences between those patients who died, and did or did not develop the regional necrosis.
There are two interdependent aspects of this seeming paradox of myocardial necrosis in these postoperative patients. One is that approximately three-quarters of the time necrosis developed in the distribution of patent grafted vessels; the second is that approximately three-quarters of the time necrosis did not develop in the distribution of newly occluded grafted coronary arteries. With regard to the latter, we know from both animal experiments and human studies27' 28 that when a coronary artery is occluded, coagulation necrosis results. In the somewhat different situation of a newly occluded grafted coronary artery, however, collateral blood supply is likely well developed in the distribution of the critically stenosed vessel, protecting myocardium from infarction from a new occlusion. This is somewhat analogous to patients with severe coronary artery disease who come to catheterization or autopsy with one or more totally occluded coronary arteries but no evidence of infarction. Although the numbers are small, it may be of significance that the four patients who developed infarcts in the distribution of vessels with new coronary occlusions had less severe coronary disease and, therefore, may have had less well developed collaterals than the group that did not develop necrosis.
Less easy to explain is the necrosis in the distribution of widely patent vessels, which represents the majority (82%) of the operative related transmural injury in our patients. Perhaps the best clue to its etiology is that the injury was a regional contraction band necrosis. Contraction band necrosis may be caused by ischemia due to transient interruption of blood flow, and also by certain drugs such as isoproterenol." 'I The latter may induce necrosis without coronary blood flow interruption by a direct toxic effect on myocardium, possibly caused by increased calcium permeability.28 When nonischemic drug induced contraction band necrosis occurs, however, it is a -diffuse lesion not respecting the distribution of any given vessel. Similarly, when hypotension is a cause of myofibrillar degeneration the lesion tends to be a diffuse subendocardial insult. Thus although hypotension or pressor therapy may have aggravated the necrosis in some of our patients, it is difficult to explain the regional character of the injury by hypotension or drugs.
What was particularly striking about the severe contraction band injury noted in our patients in this study was not only its regional distribution, but also its presence exclusively in the distribution of vessels which were patent, and in 93%, widely patent, suggesting an association with coronary blood flow per se, and thus an ischemic etiology. Contraction band necrosis of ischemic origin requires two sequential phases for its development: a period of nonperfusion in which the myocardium becomes ischemic, followed by a period in which the previously ischemic myocardium is reperfused.27 It is not clear, however, whether the myocardium at the time of reflow is always dead with reflow merely Findings in our patients, which represent a unique human model of transient interruption of coronary artery perfusion followed by reflow, suggest that reflow itself may be causing necrosis. Despite the same degree of coronary stenosis, the same operative milieu, the same periods of nonpulsatile pump perfusion, or aortic-cross clamp, anoxic arrest and ventricular fibrillation, and similar exposure to pressor amines, myocardial contraction band necrosis developed in regions newly exposed to unobstructed reflow. In the same hearts, areas of myocardium in which reflow was impaired by new or pre-existing arterial narrowings such severity of injury did not occur. And, in the myocardium in the distribution of new occlusions, coagulation necrosis did not occur. The latter situation is perhaps best illustrated by the three narrowed coronary arteries that were bypassed immediately proximal to a branchpoint. With virtually identical conditions for developing necrosis, necrosis developed only in the distribution of the patent and not the occluded branch.
Thus, it appears that myocardium which has the same potential for developing contraction band necrosis may survive if reflow is inhibited.
Although there is virtually no information in humans, experimental studies in animals have suggested that reflow itself may be deleterious23 25, 28 30 and may limit the usefulness of revascularization procedures within hours of acute coronary occlusion.31' 32 During ischemia a number of biochemical and structural alterations occur including intracellular acidosis, depletion of high energy phosphates, and loss of integrity of cell and mitochondrial membranes for both myocardial cells and vascular endothelium. But at what point such ischemic alterations become irreversible is not clear. Reflow of sufficiently ischemic tissue will lead to severe structural and metabolic changes, including calcium and sodium influx, the loss of needed co-factors, nucleotides, enzymes and ions, cell and organelle swelling and mineralization of mitochondria.27 That such reflow phenomena of themselves are critical events in the onset of necrosis for some cells exposed to potentially reversible ischemic damage is highly likely. One might wonder whether myocardial preservation could be enhanced in patients undergoing aortocoronary artery bypass surgery by altering the method of reflow after periods of non-perfusion, either by introducing reflow more slowly or by manipulating the pH, oxygen or calcium content of the reflow medium. Such efforts will be of value not only to the problems of myocardial preservation during coronary artery bypass surgery, but also to the efforts at surgically reperfusing myocardium in patients after acute coronary occlusion.
